Instabilities of high-frequency magnetosonic waves caused by energetic ions with a ring-like velocity distribution are studied with a one-dimensional electromagnetic particle code which simulates self-consistently the full ion and electron dynamics. It is shown that the magnetosonic waves with frequencies slightly smaller than the lower-hybrid resonance frequency rapidly grow to large amplitudes, in addition to electromagnetic emissions near the ion cyclotron frequency and its harmonics. The frequency of the magnetosonic wave that has the largest amplitude is in good agreement with the frequency of the most unstable mode predicted by a linear theory. The theory and simulations show that the frequency of the magnetosonic wave increases with the plasma density. The instability of the high-frequency magnetosonic waves may be an excitation mechanism for radio frequency waves in the Lower Hybrid Wave (LHW) frequency region observed in the Large Helical Device (LHD).
Introduction
Some radio-frequency (RF) waves in the frequency range from MHz to GHz are observed during the period of neutral beam injection (NBI) in Large Helical Device (LHD) plasmas [1] [2] [3] . Frequency spectra obtained near the perpendicular NBI ports show that there are some peaks near the ion cyclotron frequency and its harmonics; the ion cyclotron emissions (ICEs) are localized near the perpendicular NBI ports [1, 2] . In addition to the ICEs, RF waves in the Lower Hybrid Wave (LHW) frequency region are detected during the perpendicular NBI [3] . These waves are not localized near the NBI ports and have frequencies increasing with the plasma density.
Both the ICEs with ω lΩ i , where l is an integer and Ω i is the ion cyclotron frequency, and the RF waves in the LHW frequency region, ω ∼ √ Ω i Ω e , where Ω e is the electron cyclotron frequency, can be excited by energetic ions produced by the perpendicular NBI. The velocity distribution of the energetic ions produced by the NBI may be approximated by a ring-like distribution in the velocity space perpendicular to the magnetic field. According to linear theories on instabilities driven by such a ring-like distribution, ion cyclotron harmonic waves with ω lΩ i can be destabilized [4, 5] . The lower hybrid waves with ω ∼ √ Ω i Ω e can be also excited by a ring-like distribution because of the interaction between the waves and author's e-mail: toida.mieko@nifs.ac.jp * ) This article is based on the presentation at the 26th International Toki Conference (ITC26).
the energetic-ion beam across the magnetic field [6] . If the speed of the energetic ions is smaller than the Alfvén speed v A , the energetic ions can interact with the highfrequency magnetosonic waves with ω ∼ √ Ω i Ω e propagating perpendicularly or quasi-perpendicularly to the magnetic field. This may be an excitation mechanism for RF waves of the LHW range observed in the LHD.
In this paper, we study instabilities of high-frequency magnetosonic waves driven by an ion ring-like distribution using an electromagnetic particle in cell (PIC) code. We perform simulations for typical parameters for LHD plasmas and investigate linear and nonlinear evolution of the high-frequency magnetosonic waves with ω ∼ √ Ω i Ω e excited in association with the ICEs. We also discuss how the frequencies of the excited magnetosonic waves depend on the plasma density.
Simulation Model and Parameters
We use a one-dimensional (one spatial coordinate and three velocity components), electromagnetic, particle-incell (PIC) code, which self-consistently simulates full dynamics of electrons and ions and evolution of electromagnetic fields, using the full Maxwell's equations and the equations of motion of particles. This enables us to consider both ICEs with ω lΩ i and instabilities of highfrequency magnetosonic waves with ω ∼ √ Ω i Ω e including kinetic effects of ions and electrons.
The plasma consists of three components: minority energetic ions, electrons, and bulk ions. Initially, the elec-trons and bulk ions have Maxwell velocity distributions, whereas the energetic ions have a ring-like distribution in the velocity space with v = 0, which is given by
where v and v ⊥ are velocities parallel and perpendicular to the external magnetic field, respectively, and u is the initial perpendicular speed of the energetic ions. We assume that the external magnetic field is uniform because we consider waves with wavelengths shorter than several centimeters and the variation of the LHD magnetic field for these lengths is negligibly small (the ratio of the variation to the total strength is less than several percent). The waves propagate in the x direction in the external magnetic field B 0 = (B 0 cos θ, 0, B 0 sin θ), where θ is the propagation angle of the waves. Setting θ 90
• , we simulate the waves propagating perpendicularly or quasiperpendicularly to B 0 . The simulation system is periodic in the x direction with the length L x = 4096Δ g , where Δ g is the grid spacing, and the electron skin depth is c/ω pe = 10Δ g , where ω pe is the electron plasma frequency; the system length corresponds to several tens of centimeters if the plasma density is n ∼ 10 19 m −3 . The ion-to-electron mass ratio is m i /m e = 3672 for Deuterium (D). The total number of simulation particles is of order 10 7 . The total charge of the electrons is equal to that of the ions. The density ratio of the energetic ions to the bulk ions is n h /n i = 10 −2 .
To have good statistics for the energetic ions with the low density, we use the method of fine particles (for example, see Ref. [7] ). Keeping the mass-to-charge ratio of the energetic ions unchanged, we take the mass and charge of the energetic ions to be small and increase the number of the energetic ions by 10 times, which leaves the energetic-ion mass density, plasma frequency, and cyclotron frequency unchanged. The time step is ω pe Δt = 0.05. We calculate the evolution of the plasma and the electromagnetic fields for about five times as long as the ion cyclotron period. We set other simulation parameters by considering the typical parameters for the edge of the LHD plasma, at which the ICEs can be excited [3] . The ratio of the light speed to the electron thermal speed is c/v Te = 70, indicating that the electron temperature T e ∼ 100 eV. The bulk ion temperature is equal to the electron temperature. The strength of the external magnetic field is B 0 = 1.57 T. We show the results of the cases for various plasma densities. The values of Ω e /ω pe , the Alfvén speed v A , and the ratio of the energetic ion speed u to v A vary with the plasma density.
Simulation Results

Magnetic fluctuations
We firstly present a simulation result for magnetic fluctuations in a thermal equilibrium plasma without energetic ions. Figure 1 shows the power spectrum P(k, ω) of magnetic fluctuations with θ = 89.5
• in a Deuterium (D) plasma with the electron density n e = 10 19 m −3 and the external magnetic field B 0 =1.57 T. The value of Ω e //ω pe is 1.54 and the plasma beta is 2 × 10 −4 . The color on Fig. 1 indicates the amplitudes of the magnetic fluctuations. We can see that the amplitudes are great along the dispersion curve of the magnetosonic wave given by
where θ is approximated as θ = 90
• . The resonance frequency of the perpendicular magnetosonic wave is the lower-hybrid resonance frequency defined as
The magnetic fluctuations of ion cyclotron waves with ω lΩ i are much smaller than those of the magnetosonic waves because the plasma beta is very low [8] .
Next, we show the magnetic fluctuations in a D plasma with energetic ions in Fig. 2 , where the initial speed of the energetic ion is u = 0.31v A , which corresponds to the speed of the D ions with the energy K = 60 keV in the D plasma with n e = 10 19 m −3 and B 0 = 1.57 T. Comparing this with Fig. 1 , we see that super-thermal magnetic fluctuations are near the D cyclotron frequency and its harmonics, ω lΩ D . These are the ICEs due to the energetic ions. Further, the magnetosonic waves with frequencies slightly smaller than ω LH have large amplitudes. These high-frequency magnetosonic waves are also excited by the energetic ions. Figure 3 shows the frequency spectra P(ω) of the magnetic fluctuations for the wavenumbers kv A /Ω D = 2.8 (a) and kv A /Ω D = 61.5 (b) and the time variations of the amplitudes of the fluctuations for these wavenumbers (c). In Fig. 3 (a) , there are four peaks at ω/Ω D 1, 2, 3, and 2.8. The last peak is the magnetosonic wave. The former three peaks are the ion cyclotron waves supported by the energetic ions [5] ; they are not the Bernstein modes due to the bulk ions and can exist in the limit of a cold energeticion beam given by eq. (1). As shown by the red line in Fig. 3 (c) , those waves are saturated at about the ion cyclotron period Ω D t 2π. The peak in Fig. 3 (b) is the highfrequency magnetosonic wave with the frequency slightly smaller than ω LH . The black line in Fig. 3 (c) shows that in the early stage Ω D t < 4, the high-frequency magnetosonic wave (b) grows faster than the low frequency modes (a) although there are small fluctuations of a period much shorter than the ion cyclotron period. The amplitude of the high-frequency magnetosonic wave is also saturated by the ion cyclotron period. Figure 4 shows the time evolution of velocity distribution functions of f (v ⊥ ) and f (v x ) of the energetic ions. The distribution functions are drastically changed by the time Ω D t = 6 because the energies are rapidly transferred from the energetic ions to the waves through the instabilities, which causes the saturation of the waves, as shown in Fig. 3. 
Comparison with linear theory
We compare the simulation results with a linear theory on instabilities of high-frequency magnetosonic waves. Because the wave frequencies are much higher than the ion cyclotron frequency and the waves are saturated by the ion cyclotron period, we assume that the energetic ions are unmagnetized. Then, we can approximate the energetic ions that can interact with the waves propagating in the x direction as the energetic ion beams with the initial velocity v = (±u, 0, 0). Based on the three-fluid (electrons, ions, and energetic beam) model [9] , we can obtain a linear dispersion relation for the high-frequency magnetosonic waves interacting with the positive beam with v x = u as
where ω is the complex frequency, ω mg is given by eq. (2), and ω ph and ω pi are the plasma frequencies of the energetic ions and bulk ions, respectively. We consider the solution of eq. (4), ω = ω r + iγ, near ω r = ω mg , where ω r is the real frequency and γ is the growth rate. We can expect from eqs. (2) and (4) that the real frequency ω r increases with k and the growth rate γ becomes maximum near the wavenumber satisfying the relation ω mg = ku. That is, γ becomes maximum near the real frequency ω r at this wavenumber if γ is expressed as a function of ω r . We write the real frequency of the most unstable mode as ω rm . Figure 5 shows the result of the numerical calculation of eq. (4) for the same values of B o , n e , and u/v A as for Fig. 2 . This figure indicates that the frequency of the most unstable mode is ω rm 30Ω D . The theoretical frequency ω rm is in good agreement with the simulation Fig. 6 Frequencies of the mode with the largest amplitude in the simulation and of the most unstable mode predicted by the linear theory as functions of the electron density.
result shown in Fig. 2 , where the amplitude is the largest at ω 30Ω D . The theoretical growth rate of the most unstable mode is γ 2Ω D , which is about twice as large as the growth rate shown by the black line in Fig. 3 , γ Ω D for the period from Ω D t = 2 to 3; the smaller growth rate in the simulation can be due to effects not included in the linear theory, such as kinetic effects of electrons and bulk ions and effects of change in the velocity distribution of the energetic ions.
Density dependence
According to the LHD experimental results, the frequency of the RF waves of the LHW range increases with the line-averaged electron density when the density is smaller than 2 × 10 19 m −3 [3] . In order to study the density dependence of instabilities of the high-frequency magnetosonic waves, we perform simulations for various electron densities, keeping the external magnetic field B 0 = 1.57 T, the energy of the energetic ions K = 60 keV, and the propagation angle of the waves θ = 90
• . Figure 6 shows the frequency of the magnetosonic wave that has grown to the largest amplitude as a function of the electron density, where the dots are the simulation results and the dashed and solid lines represent the lower hybrid resonance frequency ω LH given by eq. (3) and the frequency of the most unstable mode ω rm predicted by the linear theory (4). The simulation results are in good agreement with the linear theory. Both the theory and simulations show that the frequency of the magnetosonic wave increases with the electron density. The tendency that the frequency increases with the density is the same as that in the LHD experiments on the RF waves in the LHW frequency region. The right axis of Fig. 6 shows that the frequencies of the magnetosonic waves are of the order of 100 MHz, which are the same order as the frequencies of the RF waves of the LHW range observed in the LHD. Figure 7 shows the results for the cases of n e ≥ 2 × 10 19 m −3 , where the frequency spectra for n e (10 19 m −3 ) = 2, 4, 6, and 8 obtained by the simulations (black lines with triangles) and the frequencies of the most unstable mode given by the linear theory ω rm (gray vertical lines) are shown. When n e > 2 × 10 19 m −3 , the frequency of the dominant mode does not always increase with n e . We thus showed that the frequency of the magnetosonic wave excited by the energetic ions with a ring-like distribution increases with the electron density when the density is relatively small. This qualitatively agrees with the LHD experimental results on RF waves of LHW range, although there is a discrepancy in the density (the density at the excitation position is used in the simulation, whereas the line-averaged electron density is used in the LHD experiments).
Summary
By means of a one-dimensional electromagnetic particle in cell code, we have studied instabilities of highfrequency magnetosonic waves caused by energetic ions with a ring-like distribution in the velocity space perpendicular to the magnetic field. We have performed simulations for typical parameters for the LHD experiments.
We have shown that the magnetosonic waves with frequencies slightly smaller than the lower-hybrid resonance frequency grow to large amplitudes, in addition to superthermal ICEs. These waves are saturated by the ion cyclotron period because of the change in the velocity distribution of the energetic ions. The frequency of the magnetosonic wave that has grown to the largest amplitude is in good agreement with the frequency of the most unstable mode predicted by a linear theory. The theory and simulations have shown that the frequency of the magnetosonic wave increases with the plasma density when the density is relatively small, which qualitatively agrees with the LHD experimental results on RF waves of the LHW range observed during the perpendicular NBI.
